Abstract This study compares the thermal ecology of male bearded dragon lizards (Pogona barbata) from south-east Queensland across two seasons: summer (1994±1995) and autumn (1995). Seasonal patterns of body temperature (T b ) were explored in terms of changes in the physical properties of the thermal environment and thermoregulatory eort. To quantify thermoregulatory eort, we compared behavioral and physiological variables recorded for observed lizards with those estimated for a thermoconforming lizard. The study lizards' ®eld T b s varied seasonally (summer: grand daily mean (GDM) 34.6 0.6°C, autumn: GDM 27.5 0.3°C) as did maximum and minimum available operative temperatures (summer: GDM T max 42.1 1.7°C, T min 32.2 1.0°C, autumn: GDM T max 31.7 1.2°C, T min 26.4 0.5°C). Interestingly, the range of temperatures that lizards selected in a gradient (selected range) did not change seasonally. However, P. barbata thermoregulated more extensively and more accurately in summer than in autumn; lizards generally displayed behaviors aecting heat load nonrandomly in summer and randomly in autumn, leading to the GDM of the mean deviations of lizards' ®eld T b s from their selected ranges being only 2.1 0.5°C in summer, compared to 4.4 0.5°C in autumn. This seasonal dierence was not a consequence of dierent heat availability in the two seasons, because the seasonally available ranges of operative temperatures rarely precluded lizards from attaining ®eld T b s within their selected range, should that have been the goal. Rather, thermal microhabitat distribution and social behavior appear to have had an important in¯u-ence on seasonal levels of thermoregulatory eort.
Introduction
In 1963 George Bartholomew and Vance Tucker found that specimens of Pogona barbata (formerly Amphibolurus barbatus) exposed to step-function changes in temperature under laboratory conditions heated up faster than they cooled down (Bartholomew and Tucker 1963) . Little was known about the thermal relations of P. barbata in natural circumstances but, from anecdotal information and a study by Lee and Badham (1963) , P. barbata was assumed to thermoregulate behaviorally during the daily activity period (see also Brattstrom 1971) . Thus, the adjustment in whole-body thermal conductance was interpreted in terms of its potential bene®t in the regulation of body temperature (T b ) under ®eld conditions, allowing a reptile to gain heat rapidly by basking, then lose it slowly, thus minimizing the time needed for thermoregulation. This phenomenon was described in other species also, with a similar interpretation, and has come to be regarded as having wide application among reptiles (Bartholomew 1982) .
The ®eld of thermal ecology has changed greatly since 1963, however, and the study of Lee and Badham (1963) would no longer be considered adequate proof of ®eld thermoregulation. In the light of the observations of Bartholomew and Tucker (1963) , and the widespread interest they generated, it is surprising that no-one has looked further at thermoregulation in P. barbata using modern protocols. (Neither has anyone tried to ascertain whether or not the ability to modify whole-body thermal conductance is functionally signi®cant in these or any other reptiles in a ®eld situation). Our study examines the thermal ecology of P. barbata in a subtropical habitat over two seasons, summer and autumn, focusing in particular on determining the extent of its thermoregulation.
As shown by the studies of Christian et al. (1983) , Christian and Tracy (1985) and van Damme et al. (1987) , important information can be gained by looking at a reptile's thermal ecology over more than one season. Seasonal T b changes might re¯ect shifts in physiological factors such as the animals' selected ranges (acclimatization) (Christian et al. 1983; Seebacher 1993) , or intrinsic hormonal rhythms (Garrick 1974 (Garrick , 1979 Shine 1980; van Damme et al. 1987) . Also, changes in ecological factors like food supply (Christian et al. 1983; Shine and Lambeck 1990; Christian and Bedford 1995) and the availability of particular thermal habitats (Peterson 1987; Grant 1990 ) may cause seasonal changes in T b . The above factors are not mutually exclusive and are likely to act in combination with one another.
Strict thermoconformity, as in Anolis polylepis (Hertz 1974) , and strict thermoregulation, as in Dipsosaurus dorsalis (DeWitt 1967) , can be thought of as the opposite ends of a continuum of thermoregulatory patterns (Huey and Slatkin 1976; Hertz et al. 1993) . Although many reptiles may be primarily thermoconformers or thermoregulators, some species appear to exhibit both thermoconformity and thermoregulation, depending on the situation (Huey 1974; Huey and Webster 1976; Shine and Lambeck 1990; Kingsbury 1994) . Where does P. barbata ®t into this spectrum? Answering this question relies upon being able to discriminate eectively between various degrees of thermoregulatory activity.
The last 5±10 years have seen signi®cant advances in both the theoretical and practical frameworks for studies of thermal ecology (e.g., Hertz et al. 1993; Diaz 1994; Christian and Bedford 1995; Bauwens et al. 1996; Christian and Weavers 1996) . It is no longer sucient to simply compare T b s to ambient temperatures when trying to understand an ectotherm's response to its thermal environment. To detect evidence for thermoregulation, or expose its absence, body temperatures need to be compared with achievable operative temperatures (Bakken 1992) . However, a comprehensive evaluation of thermoregulation also requires direct observations of behaviors which aect heat load (Hertz et al. 1993) . Past studies have tended to concentrate on either the behavioral aspects of thermoregulation, or on comparing operative temperatures with body temperatures (although Diaz 1994; Bauwens et al. 1996; Christian and Weavers 1996 provide notable exceptions) . A more satisfactory approach is to combine the two viewpoints by recording behavior and temperature data simultaneously.
Our study sets out to answer three questions. Do P. barbata thermoregulate in the ®eld? Are there seasonal changes in the ®eld T b s and thermoregulatory activity of P. barbata in south-east Queensland? What are the major factors responsible for any similarities or dierences between the seasonal ®eld T b s of P. barbata? The two initial questions can be answered in an absolute sense.
First, if it can be shown that lizards do not behave randomly in terms of factors aecting heat load, and that their T b s dier from those that a thermoconforming lizard would display, this would provide strong evidence that they are thermoregulating. Second, ®eld T b s are easily compared between seasons and we might expect autumn body temperatures in subtropical Queensland to be lower than those recorded in summer. Also, recording variables such as operative temperatures and the level of thermally related behaviors allows us to compare the extent of thermoregulatory activity in each season. Concerning the third question, we use quantitative comparisons to eliminate factors which appear unlikely to be responsible for any observed changes in ®eld T b s.
Materials and methods

Identifying thermoregulation
We modi®ed the comprehensive protocol of Hertz et al. (1993) for detecting thermoregulation. Our version consists of ®ve steps:
1. Measure ®eld T b s of free-ranging lizards by radiotelemetry. 2. Compare the expression of behavior patterns aecting heat load by lizards in the ®eld with that estimated for a thermoconforming lizard (a``random lizard''). (In the absence of data describing the way foraging and social requirements in¯uence lizard movement patterns, we must assume that a thermoconformer both behaves and travels through its habitat randomly).
3. Using a physical model moved at random, measure the distribution of T b s that a random lizard would experience in that habitat.
4. Using a thermal gradient, estimate the physiological``target range'' of T b s that lizards presumably attempt to achieve when both abiotic and biotic circumstances and requirements do not constrain T b selection.
5. Compare the ®eld T b s, and the values of an index of thermoregulatory accuracy recorded for the study lizards with those estimated for a random lizard.
Study animals and telemetry
Two ®eld sites were chosen near Laidley in south-east Queensland, a small area at Mt. Berryman (27°42¢S, 152°20¢E), and the Laidley Golf Course (27°38¢S, 152°24¢E, approximately 12 km north-northeast of the Mt. Berryman site). Both sites have a subtropical climate and have both open forest and grassy areas. P. barbata are diurnal and semiarboreal agamid lizards (Griths 1987; Cogger 1992) . According to Lee and Badham (1963) the activity period for these lizards in south-east Queensland runs from September to May.
Temperature-sensitive two-stage radio transmitters (Sirtrack, NZ) with external loop antennas were inserted surgically into the peritoneal cavities of P. barbata. Only male lizards were used because the small size of females made most of them unsuitable for transmitter implantation. Lizards were anaesthetised via intubation with gaseous halothane and surgery was carried out using aseptic techniques similar to those used by Manning and Grigg (1997) . All experimental animals weighed more than 400 g (424±583 g) and transmitters always represented less than 5% of body weight. We calibrated the transmitters in a water bath against a certi®ed mercury thermometer (0.1°C) before implantation. We measured the ®eld body temperatures of the lizards, represented by intervals between transmitted pulses, using a digital processor (Telonics) connected to a radio receiver (Telonics) and an H-frame antenna.
We observed four lizards intensively for two to four days each in summer (December±January 1994±1995) and then again in autumn (April 1995) . Unfortunately, only two of the summer lizards survived to autumn. Two replacement lizards were implanted with transmitters, then released into the ®eld at least 1 month before the autumn sampling commenced.
Selected T b range
Despite the limitations inherent in placing animals in arti®cial environments, the range of T b s selected by an animal in a laboratory thermal gradient (the selected range) is usually assumed to be an estimation of its physiological``target range'' (Crawford 1980; van Damme et al. 1989; Christian and Bedford 1995) . The target range is that range of T b s over which the combined performance of all physiological processes is close to maximal when restrictions on T b selection are absent (Huey 1982; Stevenson et al. 1985) . Presumably lizards that are thermoregulating eectively will maintain ®eld T b s which are typically within the target range (Licht et al. 1966; Peterson 1987; Hertz et al. 1993) . Taken a step further, for our purposes, their T b s should be within their own selected range more often than are those of a lizard which thermoconforms (the random lizard).
We determined the selected ranges for each experimental lizard in a thermal gradient immediately after the completion of each season's ®eld observations. Selected T b ranges were taken as the central 50% (Hertz et al. 1993; Christian and Weavers 1996) of the T b s recorded in the gradient between 0905 and 1600 hours. This was done for both seasons and for each experimental lizard. The thermal gradient was in a constant temperature room set at 23°C. Radiant heat was supplied by 75-W opaque bulbs at one end of the gradient. These provided the only arti®cial light source. Air temperatures along the gradient ranged from 23°C to at least 45°C. Photoperiod (and hence the time for which heat was available) was set according to local sunrise and sunset.
During sampling times we recorded the signal from each lizard's transmitter automatically using a recording-receiver system designed by Grigg et al. (1992) . To avoid any possible eects of acclimation to laboratory conditions (van Damme et al. 1987; Slip and Shine 1988) lizards were transferred directly from the ®eld to the gradient. Water was supplied ad libitum but food was withheld. Lizards remained in the gradient for three to ®ve days. The upper and lower end points of the selected range were determined each day for each lizard. A mean selected range was then calculated for each lizard. For the analyses in this study, the ®eld T b s experienced by each lizard (and T min and T max ) are compared only to that lizard's own mean selected range (for the appropriate season).
Field observations of lizards
Two behavioral mechanisms known to have signi®cant eects on reptilian heat loads are the selection of microhabitats and choice of the body's angle of orientation to the sun (reviewed by Heatwole and Taylor 1987; Huey 1991; see Adolf 1990; Diaz 1992 for speci®c examples). As both microhabitat selection and body orientation can exert a substantial eect on a lizard's T b , we use both of them as behavioral indicators of thermoregulatory eort.
A set of observations taken from a particular lizard for a particular day is referred to as a``lizard-day''. During daily observation periods (0905±1600 hours) we recorded the following information for each lizard at 5-min intervals:
1. Body temperature (°C) measured by radiotelemetry. 2. Orientation of lizard to the sun ± back, side, or chest.``Back'' was scored if the tail end of the lizard's head-tail axis was pointing towards the sun and parallel with its path. If the lizard had its head or chest in the direction the rays of the sun were coming from, we recorded``chest''. Finally, when the sun's path was at right angles to the lizard's head-tail axis, the orientation``side'' was scored. For intermediate angles we scored the closest orientation.
3. The percentage of the lizards' surface area that was exposed to solar radiation (%sun) ± the percent of the total surface area of the body that would be exposed to sunshine if the sky was clear. This variable could be estimated accurately as clouds passed overhead quickly. For statistical analyses the values of %sun were divided into three major sun exposure categories (Table 1) .
Estimating the microhabitat use and orientations of a thermoconforming lizard A realistic copper lizard model (see below) was orientated and moved randomly within the habitat. This model provided an estimate of the thermal microhabitats and body orientations that would be experienced by a lizard which behaved randomly in terms of factors aecting heat load (thermoconformed). Randomized times between each relocation of the random model were generated using a square distribution in the spreadsheet program Quattro Pro (Borland). The direction and distance of moves were also randomized in this way. We constrained the interval between moves to between 5 and 100 min, based on observations of average lizard movements. Similarly, relocation distances were kept to between 0.1 and 5 m. The direction of each move was limited to one of north, north-east, east, south-east, south, south-west, west, or north-west.
Estimating the T b s of a thermoconforming lizard
We used physical models to measure the operative temperatures (at thermal equilibrium) available to lizards at our ®eld sites (Hertz 1992; Buttemer and Dawson 1993; Ellner and Karasov 1993) . Hollow models were constructed from copper pipe and sheeting. The proportional size and surface area of each body part was similar for live and model lizards. Models were painted grey. The re¯ectivities (measured between 400 and 1100 nm) of the lizard (light skin color phase only) over two trials were 0.17 and 0.19, while the re¯ectivity of the paint card was 0.17.
Temperature sensors incorporating miniature bead thermistors (RS Components Australia, Part 151±142) were installed in the models. The sensor tips were positioned just below the dorsoventral midline of the body cylinders (Bakken 1992) . Because thermal gradients within models can be large (Bakken 1992) , we inserted a polystyrene block directly above the temperature sensor in order to reduce any possible bias in measured temperatures caused by the proximity of the sensor to the dorsal surface. The sensors were connected to a DT50 datalogger (Data Electronics Australia Pty. Ltd.) which recorded the temperature of the models every 5 min between 0905 and 1600 hours in summer and every 10 min in autumn.
We moved one of these models randomly through the habitat (see previous section), but did not measure its temperature as it was not possible to keep it connected to the datalogger. Two other models were used in the ®eld to provide relatively instantaneous measurements of the maximum and minimum operative environmental temperatures available. The ®rst model was used to estimate the operative temperature experienced (at thermal equilibrium) by a lizard in the full sun (T max ), while the second measured operative temperature in the full shade (T min ). Unfortunately the construction of the models and physical logistics precluded the placement of models in trees at any stage. Since the lizards are semi-arboreal, this is an acknowledged drawback.
We estimated the T b s of a lizard moving randomly (a thermoconforming``random lizard'') by combining the operative temperatures measured by the copper models placed in the full sun (T max ) and full shade (T min ), with the proportion of time the randomly moved model was in each of the full sun, partial sun, and shade exposure categories. In this manner, we obtained estimates of where the values for the mean proportion of time the random model spent in each sun exposure category are speci®c to each season. Since T A is based on actual random sampling of the thermal habitat, we consider that it provides a realistic index of the operative temperatures likely to be experienced by a thermoconforming lizard that moves randomly. Our calculation assumes that such a lizard is always at thermal equilibrium.
Determining the accuracy of thermoregulation
To determine how accurately lizards might be thermoregulating, we used an index based on those of Hertz et al. (1993) and Christian and Weavers (1996) . This index (MD) is de®ned as the absolute mean deviation of body temperature from a particular animal's selected range, i.e., the dierence between the observed T b and the closest end of the selected range. Considered in isolation, the deviation of T b from the selected range tells nothing about thermoregulation (Hertz et al. 1993) , only that the animal is not free from environmental or ecological constraints. However, an indication of thermoregulatory activity is aorded by comparisons between the absolute mean deviations (MDs) of an individual lizard's ®eld T b s, its selected range, and the MDs of the T b s estimated for a thermoconforming lizard (T A s) from the same range. If lizards are thermoregulating, their T b s will deviate dierently from those of a random lizard. Moreover, the more accurately lizards thermoregulate, the closer their T b s will be to their selected ranges relative to those of the random lizard.
Statistical methods
Statistical analyses referred to in this study were performed using either Quattro Pro (Borland) or the statistical program SAS. Only P values <0.05 are considered signi®cant. We were only able to observe a small number of lizards during this study, and the extent to which T b s and behaviors were correlated across days is not known. Although we acknowledge the obvious problems associated with being unsure of the independence of the data, for the analyses presented in this paper we assume that each lizard-day is an independent sample (a particular lizard observed on a particular day).
Wilcoxon's signed rank and Kolmogorov-Smirnov tests were used to investigate the signi®cance of dierences between the frequency distributions of: (1) summer and autumn ®eld T b s, (2) summer and autumn selected ranges, and (3) ®eld T b s and selected ranges within each season. We transformed the data (either log or arcsine) used in parametric statistical analyses, and have used statistical tests that are fairly robust against violations of the underlying distribution assumptions. One-tailed t-tests (two-sample, assuming unequal variances) compared the mean proportions of time that each of the three body orientations was observed for, during the 0905 to 1600 hours observation period, with those expected from a randomly orientating lizard.
We carried out F-tests to ascertain whether variances between samples were approximately equal and then used one-way ANOVAs to evaluate dierences (for each season) between the mean values of (1) the mean daily proportion of time spent in the full sun and shade by study lizards and by a random lizard, (2) the lizards' mean daily ®eld T b s and the mean daily T b s of a random lizard (T A s) and (3) the mean daily values of the mean deviation (MD) of lizards' ®eld T b s and of T A from the individual lizards' selected ranges. In order to have equal sample sizes for use in the statistical tests, we compared the average daily mean of each variable for the four individual lizards with the daily means on four arbitrarily selected days within each season for the random lizard.
Results
Field T b s and selected ranges
Field T b s and the range of T b s selected in a thermal gradient are described in Tables 2 and 3 as grand daily means (GDMs), i.e., the grand mean of the mean daily value for each lizard. A marked seasonal change occurred in ®eld T b s, with the lizards' mean daily ®eld T b s being signi®cantly higher in summer than in autumn. Furthermore, the mean central 50% ranges of lizards' summer ®eld T b s were signi®cantly higher than the central 50% ranges for their selected ranges (Table 3 , Fig. 1 ), indicating that they were generally not achieving their physiological``target'' body temperatures. Nor were the lizards' autumn ®eld T b s matched to their selected ranges, though in this case ®eld T b s were signi®-cantly lower than the selected ranges (Table 3, Fig. 2 ).
There was an average rise of 1.7°C in the upper end of the average selected range across all lizards from summer to autumn (Table 3 ). The lower end rose 2.8°C. However, the dierence between the frequency distributions of summer and autumn selected ranges was not statistically signi®cant.
Operative temperatures available in the ®eld
Environmental conditions on all days in both summer and autumn were generally similar. Typically, days were sunny, but cloud cover increased and decreased over short periods (e.g., within 0.5 h). The seasonal averages of mean daily T max and T min for both seasons are contained in Table 2 . The central 50% ranges and the MD of ®eld T b s, fell between those of T min and T max in both summer and autumn (Tables 3 and 4 ). These facts suggest that, in isolation, operative temperatures did not constrain the lizards from achieving T b s within their selected ranges (either by being too low or too high). Visual inspection of daily graphs of T max and T min between 0905 and 1600 hours (Fig. 3 , compare also Fig. 4 for autumn), and the mean value of T min (Table 2 ), indicates that the selected range may sometimes have been unavailable for around an hour in the middle of the day in summer. However, the operative temperatures available at the tops of large trees, where wind speed was signi®cantly higher than on the ground (see Stevenson 1985) , were probably cooler than those measured by our models. Therefore, treetops might have supplied microhabitats where T b s within the selected range were attainable for the whole of the observation period. Indeed, on one occasion in summer a lizard remained high in a tree for a whole observation period and its T b remained within its selected range.
Microhabitat choice
In summer, the study lizards did not select their thermal habitat on a random basis (Fig. 5) . Comparisons of the mean proportion of time that the lizards spent in shaded, partially sunny, and sunny microhabitats, with those sampled by the random lizard, indicate that lizards avoided the full sun and favored the shade. These dif- ferences were statistically signi®cant. In autumn, lizards experienced the thermal habitat on a more random basis (Fig. 6 ). There was no signi®cant dierence between the amount of time the observed lizards and the random lizard spent in fully shaded microhabitats. However, random lizards spent signi®cantly more time in the full sun than the observed lizards. Changes in T b over the day in summer and autumn lagged slightly behind increases and decreases in %sun (e.g., Fig. 7) . Data garnered through the use of the random lizard model indicate that the distribution of sun and shade on the ground diered between summer and autumn. The amount of shade present in the habitat increased and the availability of full sun decreased (Figs. 5 and 6 ). The sun's path is almost directly overhead in summer, but at a lower angle in autumn. There are also more daylight hours in summer than in autumn. For this reason we expect trees and bushes to throw longer shadows for a greater proportion of the observation period during autumn, so that a randomly moving lizard will experience the full sun less often in autumn than in summer.
Body orientation
The expected proportions of orientations by a random lizard are 25% chest, 25% back, and 50% side. During summer the orientations back and side, which confer greater heat loads than chest (Muth 1977; Porter and James 1979; Stevenson 1985) were exhibited signi®cantly less often by the study lizards than expected (Fig. 8) . The proportion of the orientation chest did not dier signi®cantly from random. It appears that the lizards The mean time per observation period (with SEs) that the study lizards and the random lizard spent in each sun exposure category during summer Fig. 6 The mean time per observation period (with SEs) that the study lizards and the random lizard spent in each sun exposure category during autumn were using body orientation adjustment to reduce heat load during summer. Conversely, in autumn the lizards appeared to be orientating randomly between 0905 and 1600 hours (Fig. 8) . The only exception was the orientation chest, which was seen signi®cantly less often than expected from a random lizard.
Random lizard T b s (T A s) and indices of thermoregulation
In summer, the lizard's mean daily ®eld T b s were signi®cantly lower than those estimated for a thermoconforming lizard (T A s) (Table 2) . Indeed, during summer, lizards experienced T b s that were signi®cantly closer to their own selected range than those of a random lizard (Table 4) . We could not stabilize the sample variances for the mean daily ®eld T b s and T A s recorded in autumn, but comparison of the mean T b and T A data for individual lizard-days suggests that any dierences between the means are likely to have been small (authors, unpublished work, and see Table 2 ). Furthermore, the MDs of lizards' autumn ®eld T b s from the their selected ranges were not signi®cantly dierent from those of the random lizard's (i.e., MD of ®eld T b s @ MD of T A s, Table 4 ).
Discussion
Deviation from the thermal trajectory of a randomly moving lizard (a thermoconformer) provides evidence for thermoregulation. During summer the study lizards behaved non-randomly with respect to two factors affecting heat load (%sun and body orientation). Conversely, our data suggest that they responded far less speci®cally to these factors during autumn. This in turn suggests that P. barbata thermoregulated in summer but not in autumn. Seasonal variation in thermoregulatory eort is also implied by comparisons of the daily means and central 50% ranges of ®eld T b s. These suggest that the lizards' summer ®eld T b s were signi®cantly lower (5°C ) than those which a thermoconforming lizard would have experienced, yet the autumn T b s for the two were quite similar (~2°C dierence) (see Tables 2 and 3) .
Combining behavioral data with T b data provides additional evidence for a shift in thermoregulatory eort; the pattern seen in Fig. 7 clearly suggests that oscillations in T b are a direct result of changes in %sun (see Bowker 1984) . Indeed, P. barbata appear to have avoided allowing their T b s to reach extremely high levels by``shuttling'' in and out of the shade. The autumn data imply a similar situation. However, this type of relationship is valid evidence for the occurrence of shuttling as a behavioral mechanism for thermoregulation only if it can be shown that the lizards used sunny and shaded microhabitats nonrandomly. The lizards did this only during summer, and so such graphs provide evidence of thermoregulation for this season alone. The apparent linkage between¯uctuations in %sun and ®eld T b in autumn is probably not due to any speci®c thermoregulatory behavior, and may simply re¯ect changes in the distribution of shade throughout the day. This is supported by observations that the lizards moved about very little in autumn (authors, unpublished work).
Based on purely physiological considerations, lizards might be expected to favor maintaining their T b s within their selected ranges (Huey and Slatkin 1976; Christian and Bedford 1995) , whether or not this requires active thermoregulation. Comparing the average mean deviation from the selected range (MD) of ®eld T b s with the average MD of a random lizard's T b s is thus a convenient way of identifying thermoregulation. If the two Fig. 7 The interaction between body temperature and sun exposure (%sun) for a single lizard over 1 day in summer Fig. 8 The mean percent of the time per observation period (with SEs) that study lizards spent in each body orientation during summer and autumn, compared to that expected from a random lizard types of MD are signi®cantly dierent then the lizard, by de®nition, can be said to have thermoregulated.
During summer, the random lizard T b s deviated from the selected range by about 4°C more (Table 4) than did P. barbata ®eld T b s ± evidence for thermoregulation. However, during autumn the grand mean MDs for the lizards' T b s were not signi®cantly dierent from those for a random lizard. Here again we see a seasonal change in thermoregulatory eort. Christian and Weavers (1996) found seasonal changes in the extent of thermoregulation for several tropical varanids. Like P. barbata at our study sites, these varanids thermoregulated carefully in the summer wet (active) season but let their T b s fall outside their selected ranges during periods of the year for which they were less active. These two examples suggest that facultative thermoregulation may be commoner than generally envisaged.
The overall average MD for a random lizard in summer was 6.2 1.1°C, but only 2.1 0.5°C for our study lizards. Not only are the two signi®cantly dierent, but a MD of only 2.1 0.5°C indicates that the lizards kept their T b s close to their selected ranges during this time. The mean daily T b s and operative temperatures for summer tell us that the T b s of study and random lizards were generally above selected ranges, rather than below them (Table 2) .
For a lizard, the dierence between having a T b 6°C above its selected range and one only 2°C above it is likely to have biological relevance. Elevated rates of evaporative water rates at high T b s in P. barbata (then Amphibolurus barbatus) were documented by Warburg (1965) . Indeed, Buttemer and Dawson (1993) observed a trebling of metabolic rate with a 10°C rise in T b (within the interval 25±42°C) in the marine iguana (Amblyrhynchus cristatus). Without thermoregulation in summer, P. barbata would have experienced T b s close to the lethal limit (46°C : Warburg 1965) for much of the 0905±1600 hours observation period. Indeed, two lizards were observed gaping in the ®eld in summer, when their T b s were above 41°C. Danger of overheating in certain places or times of the day or year is likely to be a common problem for lizards, e.g., Dipsosaurus dorsalis (DeWitt 1967), Sauromalus obesus (Zimmerman and Tracy 1989) , and Podarcis hispanica atrata (Bauwens et al. 1996) .
The results presented in this paper (although clearly subject to the limitations of small sample sizes and inadequacies inherent in the use of the copper models) suggest overwhelmingly that Pogona barbata thermoregulated in summer but probably did not do so in autumn. The behavioral data are especially important as they lend weight to the results gained through the use of the copper models, particularly considering the larger number of assumptions associated with the physiological data.
Having established that P. barbata do thermoregulate (at least for part of the year) and knowing that daytime ®eld T b s dropped around 7°C between summer and autumn, we are left with the question of which factors are likely to be responsible for the seasonal change in ®eld T b . Using the data gathered already we can address three main possibilities. First, there may be a seasonal change in the selected range (acclimatization). Second, the extent to which ®eld T b s are limited by the availability of operative temperatures might vary between seasons. Third, the costs and bene®ts of thermoregulatory behavior may vary between seasons and thus aect realized ®eld T b s.
A number of lizard species exhibit shifts in their selected range simultaneously with shifts in ®eld T b s (Christian and Bedford 1994; reviewed in Christian and Bedford 1995) . However, in other species seasonal shifts in ®eld T b s can occur without changes in selected range (e.g., van Damme et al. 1987) . P. barbata appears to ®t the latter pattern, with mean selected ranges for the lizards in the present study not changing signi®cantly between summer and autumn. Thus the observed reduction in ®eld T b s across seasons apparently cannot be explained by the hypothesis that a downwards shift in the range of T b s which provide maximum physiological performance simply caused lizards to``select/prefer'' lower T b s in autumn.
The body temperatures of reptiles may be constrained by the thermal regimes of their environments during one or more seasons (Peterson 1987; van Damme et al. 1987; Grant 1990 ). Zimmerman and Tracy (1989) discovered that for some of each active season the physical availability of operative temperatures in the ®eld constrained T b s of the lizard Sauromalus obesus to those outside the selected range. However, for the most part, the range of operative temperatures available during the present study would not have prevented P. barbata from attaining T b s within the selected range in either season had they chosen to do so.
Within a season, deviations of ®eld T b s from the selected range may represent the results of a trade-o between a lizard's physiological and ecological requirements. Changes in factors aecting these trade-os could have been responsible for the variation in ®eld T b s between seasons, particularly changes in aspects of the lizards' social behavior and the spatial distribution of resources such as thermal microhabitats, territories and food supply. For example, Christian and Tracy (1985) noted that food source distribution and availability may play a role in determining the ®eld T b s of Galapagos iguanas. Additionally, Bauwens et al. (1996) have suggested that an apparently high abundance of food in certain microhabitats may have accounted for the presence of the lizard Podarcis hispanica atrata in those areas at thermally suboptimal times.
Although over by autumn (C. SchaÈ uble, personal observation), the annual breeding season was in full swing at the time of the summer sampling. Sunny, open areas were a focus for fervent social activity and foraging. DeWitt (1967) noted that male desert iguanas (Dipsosaurus dorsalis) sometimes allowed their T b s to climb to extreme levels during territorial defense. Likewise, our study lizards also let their T b s rise to high levels during social displays and foraging activity. Indeed, to avail themselves of operative temperatures within their selected range at midday during summer, the lizards would have needed to retreat high into the trees. Subsequent costs associated with resultant lapses in territory defence or missed mating opportunities could be high (Grant 1990) . Presumably, in some situations the bene®ts associated with a particular behavior outweigh the detrimental eects of evaporative water loss, energetic outlay, and heat stress. No data on food distribution are available for our study sites.
The availability and distribution of microhabitats with diering thermal regimes are obviously important to a lizard's thermal ecology Tracy and Christian 1986; Huey 1991) . At our study sites, in both summer and autumn, sunny microhabitats were much more available than shaded ones (based on the random lizard's use of the two). Furthermore, shady areas tended to be separated by large tracts of sunny habitat. These sunny areas posed heat stress problems for P. barbata during summer (see above) but not in autumn. The mean T max was much lower in autumn than it had been in summer, down from 42.1 1.7°C to 31.7 1.2°C. The T b s of both the study and random lizards were below the selected range in autumn, but the mean T min was not low enough to represent a serious cold stress threat (see the discussion of P. barbata's metabolic scope for activity in Bartholomew and Tucker 1963) .
During autumn we did not see any lizards descend from their trees (unlike in summer), even though the copper models showed that ground-level microhabitats could have provided T b s within the selected range. If we had placed our models in the trees, it is likely that subsequent T A s would have been slightly lower than those estimated from models on the ground (due to, e.g., increased air¯ow, Stevenson 1985) . However, behavioral observations suggest that the lizards chose thermal microhabitats and orientated reasonably randomly in autumn. Therefore it seems unlikely that there was an active and thermally triggered bias towards microhabitats conferring low T b s. Lizards probably avoided ground-level microhabitats during autumn for other reasons, such as the higher predation risk and the extra energy expenditure associated with climbing to and from them. Note though, that Porter and James (1979) calculated that being in the shade reduced the daily energy requirement of Agama agama by 11±19%. This may be an advantage in autumn, if food supply is reduced at this time. Huey and Slatkin (1976) predicted that thermoregulatory accuracy should increase if the productivity of the habitat increases. It seems that to take advantage of the high``productivity'' of the summer breeding season lizards are forced to spend short periods of time at physiologically undesirable temperatures. Maybe P. barbata reduce the physiological costs incurred in summer by thermoregulating accurately whenever possible and, when not possible, acting quickly to regain less stressful T b s after excursions. We also suggest that accurate thermoregulation may not have occurred during autumn because the low likelihood of thermal stress made it an extravagance.
